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AGENDA
 LCRD modem
 Integrated photonics – examples
 Direct-Write ideas
 NASA EXAMPLES
 SUMMARY

1.25 Gbps
Downlink
From ISS
32 Mbps
Uplink
To ISS
LCRD
LRD 2019
ISS terminal
NASA – Example 5 -Telecom 
Free Space Laser Communication
•NASA-GSFC: Laser Communication Relay Demo
•Raw rate : 2.5 Gbps  Differential Phase Shift Keying
•Developed in-house process for packaging fiber optic 
system for LCRD
•Laser transmitter/receiver for space payload & ground 
terminal
•Space terminal to begin fabrication in mid-2015
•Launch:  2019.
Space Modem
(26”L x 6.3”H x 15.5”W)
Terrestrial commercial – Infinera (2014)
Deployed in South Africa 
NASA – Space Flight 2019: 
5 x 114Gb/s Transmitter
442 Elements: AWG mux, lasers, 
modulators, detectors, VOAs, 
control elements
5 x 114Gb/s Receiver
171 Elements: AWG demux, 
local laser oscillator, 90deg 
Hybrid, Balanced detectors, 
control elements
NASA Space Communication and Navigation (SCaN)
Integrated LCRD LEO-User 
Modem and Amplifier (ILLUMA)
Provides pathway to near-Earth low-cost lasercom 
terminals 
 Reduce Size, Weight, Power and Cost of 
spaceflight modem.  Use integrated 
electronics/photonics where cost effective.
 Establish US industry LEO space-flight modem 
supplier that is compatible with LCRD
 Use vendor up-screened COTS part where 
possible.
6
Transmitter front-end
DFB with Integrated MZ modulator
(need high exttinction ratio  ~20 dB)
Comparison of integrated  InP to LiNbO3 
Coherent receiver
Receiver preamplifier PIC
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Abstract: Spiral-waveguide amplifiers in erbium-doped aluminum oxide 
on a silicon wafer are fabricated and characterized. Spirals of several 
lengths and four different erbium concentrations are studied experimentally 
and theoretically. A maximum internal net gain of 20 dB in the small-
signal-gain regime is measured at the peak emission wavelength of 1532 
nm for two sample configurations with waveguide lengths of 12.9 cm and 
24.4 cm and concentrations of 1.92 × 1020 cm-3 and 0.95 × 1020 cm-3, 
respectively. The noise figures of these samples are reported. Gain 
saturation as a result of increasing signal power and the temperature 
dependence of gain are studied. 
©2014 Optical Society of America 
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earth-doped materials; (130.2755) Glass waveguides. 
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Fig. 1. (a) Waveguide amplifier cross-section and simulated signal-mode profile. (b) 
Photograph of a pumped (λP = 976 nm) Al2O3:Er
3+ spiral amplifier on a silicon chip. A close-
up view of the spiral amplifier is shown in the inset. 
Understanding the performance of an Er3+-doped amplifier is significantly complicated by 
the spectroscopic processes of the Er
3+ ion. The migration-accelerated ETU process (4I13/2, 
4I13/2) ® (
4I15/2, 
4I9/2) induces a concentration- and excitation-dependent quenching of the 
4I13/2 
amplifier lev l. More importantly, a fast quenching process of this level occurs in SiO2 [11], 
Al2O3:Er
3+ [13], and potentially other Er3+-doped materials, which limits the optimum Er3+ 
concentration in Al2O3 to 1-2 × 10
20 cm-3. As a consequence, waveguide lengths on the order 
of 10 cm are desired for efficient amplifier performance. 
Al2O3 layers with Er
3+ concentrations of 0.45 × 1020 cm-3, 0.95 × 1020 cm-3, 1.92 × 1020 
cm-3, and 3.0 × 1020 cm-3 were deposited onto thermally oxidized silicon substrates by RF 
r act ve co-sputtering [9]. For each of the four different doping concentrations, spiral-shaped 
channel waveg ides with different lengths varying from 12.9 cm to 41.6 cm were patterned 
into the Al2O3:Er
3+ layers sing standard lithographic techniques and chlorine-based reactive 
ion etching [24]. The spiral shape [Fig. 1(b)] minimizes the device foot print. A minimum 
bending radius of R = 2 mm was selected. For this radius, the simulated additional bending 
loss of <10-6 dB/cm is negligible compared to the straight-waveguide propagation loss of 
~0.1 dB/cm and the mode-mismatch loss of ~0.02 dB at the junction in the center of the 
spiral. Transverse-electric (TE) polarization was chosen for signal and pump light in the 
simulations and measurements. 
A 5-μm-thick SiO2 layer was deposited on top of each patterned Al2O3 layer by PECVD 
as a protective cladding. Finally, waveguide end faces were prepared by dicing. 
3. Propagation losses 
The non-destructive method proposed by Okamura et al. [28] was applied to investigate the 
propagation loss in our devices. The method consists of capturing a top-view image (InGaAs 
camera Sensors Inc. SU320M-1.7RT, 320 × 240 px.) of the infrared light (λ = 1320 nm, 
Amoco laser model D200) scattered from a quarter of the spiral waveguide, as shown in Fig. 
2(a). The wavelength selected for this experiment lies outside the Er3+ absorption bands and, 
thus, the passive characteristics can be determined. Background propagation losses around 
1530 nm are expected to be similar to those at 1320 nm and 0.18 dB/cm higher at 980 nm due 
to Rayleigh scattering [23]. A spatial calibration of the image was readily performed, since 
the dimensions of the spirals are well known from the lithographic mask. It was assumed that 
in average the intensity of scattered light is proportional to the intensity of light propagating 
within the channel. This is the case if the scattering centers (such as channel interface 
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• Internal n t gain = 20 dB
• Noise fi ure of 3.75 dB small-signal-gain regi e. 
High sensitivity pre-amplified 
coherent receiver
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Demonstration of Record Sensitivities in Optically
Preamplified Receivers by Combining PDM-QPSK
and M-Ary Pulse-Position Modulation
Xiang Liu, Senior Member, IEEE, Fellow, OSA, Thomas H. Wood, Fellow, IEEE, Fellow, OSA,
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Abstract—We present the principle, implementation, and per-
formance of a recently introduced high-sensitivity modulation
format based on the combined use of polarization-division-multi-
plexed quadrature phase-shift keying (PDM-QPSK, or PQ) and
m-ary pulse-position modulation (m-PPM). This novel modula-
tion format, termed PQ-mPPM, offers high receiver sensitivity
in optically preamplified receivers. We study the sensitivity
of the PQ-mPPM format both analytically and experimen-
tally, and compare it to common modulation formats such as
PDM-QPSK, m-PPM, differential phase-shift keying, and po-
larization-switched QPSK. The bandwidth expansion factor of
this format is also discussed. A record sensitivity of 3.5 photons
per bit at is experimentally demonstrated at 2.5
Gb/s with a novel pilot-assisted digital coherent-detection scheme,
outperforming PDM-QPSK by about 3 dB.
Index Terms—Polarization-switched quadrature phase-shift
keying (PS-QPSK) receiver sensitivity, polarization-division mul-
tiplexing (PDM), pulse-position modulation (PPM), photons per
bit (ppb).
I. INTRODUCTION
T HERE is a continued quest to improve the receiver sensi-tivity in optical communication systems, particularly for
free-space optical communications [1], [2] and unrepeatered
fiber transmission. Improving the receiver sensitivity or re-
ducing the required signal photons per bit (ppb) usually leads to
improved transmission link performance. M-ary pulse-position
modulation (m-PPM) [1]–[4] is a well-established modulation
format to achieve high receiver sensitivity. When used with
ideal photon-counting receivers, m-PPM is capable of ap-
proaching the Shannon limit by simply increasing m. However,
photon-counting receivers currently have limited bandwidth
and are not suitable for high-speed ( Gb/s) optical trans-
mission [1]–[3]. When used with optically amplified receivers,
the theoretical sensitivity of m-PPM becomes lower than that
Manuscript received July 19, 2011; revised October 03, 2011; accepted Oc-
tober 07, 2011. Date of publication December 05, 2011; date of current version
February 03, 2012.
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with an ideal photon-counting receiver [1], [2], [4]. In addition,
the use of large m in m-PPM reduces the channel data rate for
a given (slot) modulation speed. Recently, binary differential
phase-shift keying (differential BPSK or DPSK) has been used
to achieve high-sensitivity and high-data-rate free-space optical
communication [5]. More recently, digital coherent detection
has been introduced to fiber optical communication [6]–[8]. The
most studied modulation format with digital coherent detection
is polarization-division-multiplexed quadrature phase-shift
keying (PDM-QPSK) [7], [8], which offers higher sensitivity
and spectral efficiency (SE) than DPSK.
In an attempt to find the most power-efficient modula-
tion format in optical links, polarization-switched QPSK
(PS-QPSK) was recently proposed [9], providing 1 dB
higher sensitivity than BPSK and PDM-QPSK at a bit error
ratio (BER) of . This improvement was experimentally
confirmed in a coherent optical orthogonal frequency-division
multiplexing (CO-OFDM) experiment [10]. More recently,
we have proposed a new power-efficient format based on
PDM-QPSK (PQ) and m-PPM [11], termed as PQ-mPPM, that
offers 3 dB theoretical sensitivity advantage over BPSK,
PDM-QPSK, and 16-PPM at . We further ex-
perimentally demonstrated the generation and detection of
a 2.5 Gb/s PQ-16PPM signal, using a novel low-overhead
pilot-assisted single-carrier frequency-division-equaliza-
tion (PA-SC-FDE) scheme, and achieved a record receiver
sensitivity that is more than 3 dB better than all previous
gigabit/sec-class records.
In this paper, we systematically present the principle, im-
plementation, as well as the theoretical and experimental per-
formance of the PQ-mPPM format. This paper is organized as
follows. In Section II, we describe the principle of the PQ-
mPPM format. In Section III, we analyze the theoretical re-
ceiver sensitivity and bandwidth expansion factor (BWEF). The
experimental setup for demonstrating PQ-mPPM transmission
is presented in Section IV. The experimental results on a 2.5
Gb/s PQ-16PPM signal are presented in Section V. Finally, con-
cluding remarks and some discussions on future directions are
given in Section VI.
II. PRINCIPLE
The principle of the generation and detection of a PQ-mPPM
signal is as follows. At the transmitter, each PQ-mPPM symbol
carries bits, in which the first (m) bits are
encoded through m-PPM and the remaining 4 bits are encoded
0733-8724/$26.00 © 2011 IEEE
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Fig. 10. (a) Sample recovered signal power waveform and (b) constellation
(b) before and (c) after PPM demodulation and phase compensation (PC).
OSNR of 30 dB (defined with 0.1 nm optical noise bandwidth).
Fig. 10(a) shows that the random input 16-PPM pulse loca-
tions were correctly identified at the receiver. After channel
compensation, the original x- and y-polarization components of
the signal are separated. Before PPM demodulation and phase
compensation, the signal constellation of each polarization
contains “0s” and a ring due to laser frequency-offset and
phase wandering, as shown in Fig. 10(b). After PPM demod-
ulation and phase compensation, clear QPSK constellations
were recovered, as shown in Fig. 10(c). The clear recovered
constellations indicate a good baseline performance and small
implementation penalty.
Fig. 11 shows the BER performance as a function of ppb and
OSNR. The required ppb at is 3.5 (or 5.4 dB),
or 1.5 dB away from theory, of which 0.4 dB is due to excess
EDFA noise, 0.2 dB is due to the pilot sequences used for syn-
chronization and CE, and 0.4 dB is due to the pilot symbols
used for PE, leaving only dB to account for the overall
hardware implementation penalty. The power penalty from the
pilots used for PE is expected to decrease with an increase in
modulation rate and/or a reduction of the laser linewidth. In-
spection of the error statistics shows that symbol error events
are uncorrelated and random, so FEC can be effectively ap-
plied. As a reference, PDM-QPSK performance was also mea-
sured (by turning off the PPM modulation). The overall im-
plementation penalty for PDM-QPSK is dB, which is rea-
sonably low as compared to previously reported results [18],
Fig. 11. Experimental BER performance of the 2.5 Gb/s PQ-16PPM signal as
compared to PDM-QPSK.
TABLE II
SENSITIVITY (PPB IN DB AT ) COMPARISON AMONG VARIOUS
POWER-EFFICIENT FORMATS IN OPTICALLY PREAMPLIFIED RECEIVERS
[19]. At , PQ-16PPM outperforms PDM-QPSK
by 3.4 dB, and the previous DPSK record obtained with PF
and matched optical filtering [20] by 3.2 dB, as shown in Fig.
11. Even compared to 256-PPM, which is to the best of our
knowledge the highest level PPM reported (at 73 Mb/s) [1],
the PQ-16PPM offers higher sensitivity and an eightfold optical
bandwidth reduction.
Table II compares the achieved receiver sensitivity of
the 2.5 Gb/s PQ-16PPM signal with some previous gi-
gabit/sec-class sensitivity records. The achieved sensitivity of
3.5 (or 5.4 dB) by PQ-16PPM is dB better than the previous
gigabit/sec-class sensitivity records. Note that higher sensitivi-
ties can be obtained by using stronger FEC, e.g., soft-decision
FEC. Also, the data rate of the PQ-mPPM signal could be
readily increased by increasing the modulation speed and/or
reducing the symbol size of m-PPM. By using PQ-4PPM, the
BWEF can be reduced from 2 (for PQ-16PPM) to 2/3. In a
more recent experiment using the same setup, an improved
receiver sensitivity of 2.7 ppb was achieved by using PQ-4PPM
and a higher FEC BER threshold of (assuming
a FEC overhead of 19.25%) [22]. The net bit rate of the
PQ-4PPM signal was 6.23 Gb/s, which is times that of
the PQ-16PPM signal. Furthermore, the PQ-4PPM signal was
transmitted over a 370 km unrepeatered ultralarge-area-fiber
span with EDFAs only at the transmitter and the receiver sites.
A total allowable link loss budget of 71.7 dB has been achieved
[22].
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Fig. 1. Encoding of a PQ-4PPM signal.
through PDM-QPSK. The tw polarization components of an
encoded PQ-mPPM signal are modulated on an optical carrier
through the use of four digital-to-analog convertors (DACs)
and two I/Q modulators followed by a polarization-beam com-
biner. Fig. 1 illustrates the e c ding concept i the co text of
PQ-4PPM. In each PQ-4PPM symbol, there are 6 bits, e.g.,
“0 1 0 1 1 1” in the first symbol shown in Fig. 1. The first two
bits “0 1” are encoded through 4-PPM so the pulse is located in
the second time slot. The remaining 4 bits “0 1 1 1” are encoded
via PDM-QPSK, i.e., “0 1” and “1 1” are encoded on the x- and
y-polarization components, respectively. The previous process
repeats for the remaining PQ-4PPM symbols.
At the receiver, the PQ-mPPM signal is detected by a digital
coherent receiver. The recovered signal fields are then processed
by a receiver digital signal processor (DSP). The first step is
frame synchroniz tion. Then, the time sl t that has the ighest
energy out f the m slots of each PQ-mPPM symbol is f und.
The location of the highest energy lot is sed t recover the
first (m) bits associated with m-PPM for this PQ-mPPM
symbol, and the recovered optical field in this slot is used to
recover the remaining 4 bits associated with the PDM-QPSK
modulation. The detection details will be further described in
Section IV when an experimental setup is presented.
III. THEORETICAL RECEIVER SENSITIVITY AND BWEF
A. Theoretical Receiver Sensitivity
The relation between BER and symbol error ratio (SER) of
an m-PPM signal is [1]
(1)
The BER of a PQ-mPPM signal can be expressed as
(2)
where and are, respectively, the
SER of m-PPM and BER of PDM-QPSK at a given signal-to-
noise rati per PQ-mPPM symbol . The first term on
the R.H.S. of (2) accounts for the bit errors caused by incorrectly
identifying the m-PPM pulse, which on average leads to 2 bit
errors in PDM-QPSK decoding, and (m)
errors in m-PPM decoding. The second term on the R.H.S. of
(2) accounts fo the bit rror caused by wrongfully decoding
PMD-QPSK ev n when the m-PPM pulse is correctly identified.
Regarding , we have [12], [13]
(3)
Regarding we have
(4)
wher is the probability density function of a
filled (“1”) slot aving an ene gy of , and is the
probability that there is at least one empty (“0”) slot having an
energy higher than , which can be further expressed as
(5)
where is the probability that an empty (“0”) slot
has an energy higher than . Both and can be analytically
obtained for both single-polarization noise and dual-polariza-
tion noise cas s [13]. For PQ-mPPM, the SNR per bit, SNR is
related to by
(6)
Note that ppb equals for an ideal optically pre-amplified
receiver [13]. The above formulas provide a basis to analytically
calculate the BER performance as a function of for a
PQ-mPPM signal.
Fig. 2 shows the theoretical BER performance of m-PPM as
a function of assuming that the amplified spontaneous
emission (ASE) noise is not polarization filtered and has two
independent orthogonal polarization components. At
, a typical threshold of forward-error correction (FEC), the
required ppb for 16-PPM is 6.7 dB. Fig. 3 shows the theoretical
BER performance of PQ-mPPM as a function of , also
assuming that the ASE noise is not polarization filtered. The
required ppb at for PQ-16PPM is 3.9 dB, which
is 2.8 dB better than 16-PPM.
B. Comparison With PS-QPSK
It is of interest to compare PQ-mPPM with the recently in-
troduced high-sensitivity format PS-QPSK, which carries 3 bits
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Dielectric Breakdown of Air
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Femtosecond Direct-Write laser
Direct-write laser system is multi-use
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Early Stage Innovation (ESI) 
Integrated Photonics for Space Communication
 Karen Bergman, Columbia University
Ultra-Low Power CMOS-Compatible Integrated-Photonic Platform for Terabit-Scale 
Communications
 Seng-Tiong Ho, Northwestern University
Compact Robust Integrated PPM Laser Transceiver Chip Set with High Sensitivity, 
Efficiency, and Reconfigurability
 Jonathan Klamkin, University of California-Santa Barbara, 
PICULS: Photonic Integrated Circuits for Ultra-Low size, Weight, and Power
 Paul Leisher, Rose-Hulman Institute of Technology 
Integrated Tapered Active Modulators for High-Efficiency Gbps PPM Laser Transmitter 
PICs
 Shayan Mookherjea, University of California-San Diego 
Integrated Photonics for Adaptive Discrete Multi-Carrier Space-Based Optical 
Communication and Ranging
NASA Integrated Photonics
NASA Applications:
 Sensors – Spectrometers - Chemical/biological sensors: 
 Lab-on-a-chip systems for landers
 Astronaut health monitoring 
 Front-end and back-end for remote sensing instruments including 
trace gas lidars
 Large telescope spectrometers for exoplanets.
 Microwave, Sub-millimeter and Long-Wave Infra-Red 
photonics:  
 Opens new methods due to Size, Weight and Power improvements, radio 
astronomy and THz spectroscopy
 Telecom:  inter and intra satellite communications.  
 Can obtain large leverage from industrial efforts.
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